Abstract-The present paper focuses on presenting the temperature effects on Hall Effect sensors sensitivity behavior. To this purpose, an analysis of the factors affecting the sensors current-related sensitivity is performed, consisting of several pertinent considerations. An analytical investigation of the carrier concentration temperature dependence including the freeze-out effect influence was performed. This information was subsequently included in accurate prediction of the currentrelated sensitivity temperature behavior. For a specific CMOS integration process of the Hall sensors, a parabolic curve is obtained for the relative variation of the current-related sensitivity.
INTRODUCTION
The Hall Effect sensors are magnetic sensors which are used nowadays in a multitude of applications ranging from position detection, contactless switching, in DC brushless motors and as current-sensors in low-power applications [1] .
The performance of Hall Effect sensors resides in the highest sensitivity and the lowest offset. In recent papers, the authors analyzed the correlation between the Hall sensors geometry and their performance [2] and presented [3, 4] shapes that allowed offsets less than 30 μT and drift less than 0.3 μT/˚C. The achieved performance for specific sensors in terms of offset and its drift are a few times better than the state-of-the-art. Research was conducted by the authors to predict Hall Effect sensors behavior by three-dimensional physical simulations [5] and guide the designer in optimal Hall sensor shape selection process.
The current work is intended to analyze the temperature behavior of Hall Effect sensors current-related sensitivity, by taking into account the variation of the specific parameters. Section II is devoted to introducing general considerations about the Hall sensors and the design of a specific cell in particular which exhibited the best performance. Section III aims to present an analytical discussion of carrier concentration temperature dependence including the freezeout effect. Finally, section IV summarizes the results of simulations for temperature coefficients of the specific parameters and ultimately provides the shape of the absolutesensitivity curve with the temperature.
II. HALL EFFECT SENSORS CONSIDERATIONS

A. Characteristic Equations
When polarizing a semiconducting device with a current and subjecting the probe to a magnetic field, the carriers are deviated under the influence of Lorentz force and a voltage difference appears between the opposite contacts in the form of the Hall voltage. The Hall voltage is given by the following relation, for a current polarization with I bias (1) where G is the geometrical correction factor, r H is the Silicon scattering factor, n is the carrier density, q is the elementary charge, t is the thickness of the implantation profile and B is the perpendicular component of the magnetic field induction, respectively [6] .
From the equations above, we can see the need to use lightly doped semiconductors in order to achieve higher Hall voltages.
B. Hall Effect sensors implementation
In recent papers, the authors presented and analyzed nine integrated Hall sensors shapes in CMOS 0.35 μm technology. Details about all the cells integration and performance tests can be found in [2] [3] [4] [5] . In Figure ( 1), precise design details of the XL cell which displayed the maximum performance in terms of offset and its drift [3] are depicted. W and L stand for the width and length of the Hall sensor respectively, while s denotes the contacts length. It is an n-doped semiconductor structure, with N-well implantation on a p-substrate. On top, to reduce the noise and to prevent the current to flow under the contacts, a p+ diffusion layer is also used.
An important figure of merit in Hall Effect sensors performance assessment is their sensitivity. The absolute sensitivity is defined as the ratio of the detected Hall voltage to the magnetic field induction, . Moreover, This work has been supported by Swiss Innovation Promotion Agency CTI (Project 9591.1) and the company LEM SA -Geneva, Switzerland) one could also define the current-related sensitivity of the Hall sensor by the following relationship (2) As presented in [3] , the XL cell has 80.7 V/AT, where G was computed for different structures by authors [2] . 
C. Temperature dependence of current-related sensitivity
From the equation (2) above we can clearly see the factors that affect the absolute sensitivity temperature dependence
The current-related sensitivity increases with the current, as the effective thickness of the active area if the Hall plate is reduced.
As presented in [6] , the temperature coefficient of a specific quantity is defined as follows 1 (4) where is the value of the specific quantity at room temperature 300 .
By consequence, the temperature coefficient of the current-related sensitivity is the following (5) The effective thickness t eff is considered constant with the temperature, as in [7] , so its corresponding temperature coefficient is null, 0.
III. ANALYTICAL DISCUSSION OF CARRIER CONCENTRATION TEMPERATURE DEPENDENCE
The carrier concentration temperature dependence was investigated in details, through an attentive analytical analysis including the consideration of the installation of freeze-out regime. The effect of carrier freeze-out on Hall sensors sensitivity was analyzed in a simplified way in [7] . The present study is more detailed than the latter one, giving the full set of precise analytical equations to be integrated in MATLAB for the complex carrier concentration temperature dependence. In addition to this, the computations are performed for a different CMOS integration technology.
In order to predict Hall Effect sensors sensitivity temperature behavior, one would need to calculate the temperature coefficient of the corresponding parameters that affect the sensitivity. By consequence, Eq. (5) needs to be taken into account.
The intrinsic carrier concentration, n i is given by the following relationship, which depends on the effective density of states in the valence band and conduction band respectively 2 (6) where N c is the effective density of states in the conduction band, N V is the effective density of states in the valence band, E g is the bandgap of the semiconductor, k is the Boltzmann constant and T is the temperature in K. In our case of Silicon, E g =1.12eV.
N c and N V are both of them temperature dependent and obey the following equations 
where m n is the mass of the donors (e -), m p is the mass of the acceptors (holes) and h is the Planck constant. We know that m n =1.08m e and m p =0.81m e where m e is the elementary mass.
We also introduce the notion of freeze-out carrier concentration, , which is computed after the following relationship including temperature dependence 
We need to calculate the minimum between the net impurity density and the freeze-out carrier concentration which is above computed. Further on, the electron density n, which interests us, will be given by the maximum between the latter quantity and the intrinsic density as shown by the formula , ,
The detailed analysis of the carrier concentration temperature behavior gives us an insightful approach which will be used in accurate sensitivity prediction. The goal is to see how this ultimately affects the sensitivity of the Hall cells.
IV. RESULTS AND DISCUSSION
The temperature dependence of the magnetic sensitivity of the Hall cells is influenced by the temperature influence on two competing factors namely the freeze-out effect of the electron density and the Hall scattering coefficient respectively.
In Figure ( 2), the carrier concentration (in this case n-type carriers) is represented against the reciprocal temperature, for N D =8.16E+16 cm -3 . From this graph we can see the three regions, namely intrinsic (yellow sector), extrinsic (or saturation) in the green sector and ionization (or freeze-out) in the blue sector. The point displayed on the curve corresponds to n fr which is obtained at the reciprocal of the freeze-out temperature, T fr , more precisely 1000/T fr abscissa point on the graph. In the case of our donor concentration, T fr =305 K. While the intrinsic region is identified in the zone where the carrier concentration increases with the temperature, the extrinsic region is where any increase in the temperature produces no increase in carrier concentration. To make it clear, the carrier density variation with temperature, due to reciprocal temperature, the graph in Figure 2 should be "read" from right to left. In the very low temperatures range (equivalent to high 1/T), negligible intrinsic electron-holepairs exist and the donor electrons are bound to the donor atoms, giving birth to the ionization region [8] .
In the fabrication of Hall sensors, lower carrier concentrations yield higher sensitivity and in this case the freeze-out installs at lower temperatures. On the other hand, high carrier concentrations would have freeze-out temperatures approaching room temperature T 0 = 300K. The semi-log graph in Figure ( 3) presents the electron density temperature dependence, plotted against the reciprocal temperature (equivalent to 1000/T), for seven different levels of donor concentrations. The temperature T is into the interval from 35 K to 1200 K and the donor concentrations N D range from 10 14 to 10 17 cm -3 .The graph is generated in MATLAB by using a code containing the full set of equations (6-10).
For the specific CMOS process used in the integration of Hall cells, (N D =8.16E+16 cm -3 ) the temperature coefficient (ppm/K) of the electron density n has been calculated after extracting it from the curve in Figure ( To obtain the temperature coefficient of the currentrelated sensitivity, we consider Eq. (5) with the addition that t eff is constant and we use the value of r H from [6] . We observe a parabolic dependence of the relative variation the current-related sensitivity with a minimum around 305K. This parabolic trend result is in agreement with [7] . The drift of this relative variation is of maximum 24000 ppm over the whole considered temperature interval. The current-related sensitivity temperature behavior of a particular Hall Effect sensor named XL is analyzed. To achieve this goal, all the parameters dependent with temperature were investigated. Analytical consideration of carrier concentration-temperature correlation reporting freezeout effect was included. The drift of relative variation of the current-related sensitivity is of maximum 24000 ppm over the entire considered temperature interval. The temperature dependence of is a parabolic-type curve with a minimum at 305K. The results obtained are in accordance with the literature.
